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ABSTRACT

Space power supply manufacturers have tried to increase power density and
construct smaller, highly efficient power supplies by increasing switching frequency.
Incorporation of a power MOSFET as a switching element alleviates switching loss.
However, values of Rpg(,n) (drain-to-source resistance in the on-state) for MOS-
FET’s are of such magnitude to produce greater on-state losses than an equivalent
BJT operated in saturation. This research serves to introduce a design concept. per-
tinent to low-voltage relatively-high-current applications, that minimizes the peak
current through the switching element in order to reduce average power loss. Basic
waveforms produced by different PWM and resonant mode topologies were exam-
ined. Theoretical analysis reveals that a ramp-sine current waveform could cut
conduction power loss by at least 18% over a conventional Buck switching con-
verter. A 14V, 14W combination quasi-resonant Buck/ZCS, Quasi-Resonant Buck
dc-dc converter with an unregulated input voltage of 28 V was built for simplicity
to demonstrate one particular waveshaping technique. This converter represents a
useful example of an actual circuit which is capable of producing the desired ramp-
sine switch-current waveform. Final results confirm improvement in conduction loss

enhancing existing power MOSFET technology for use in dc-dc power conversion.
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I. INTRODUCTION

A complete satellite power system consists of a multipanel solar cell array,
a rechargeable battery, voltage limiting elements, and power conditioning devices
such as voltage regulators and direct current-to-direct current (dc-dc) converters.
Spacecraft power systems are involved in the efficient collection, transformation,
and distribution of accessible solar, chemical and/or nuclear energy into electrical
power for consumption by other systems and payloads. Advancing technology for
spacecraft has placed increased demands on components of the system itself. Use of
improved power electronics for power conditioning is today a necessity. The power
conditioning aspect associated with electrical power systems has become the heart of
all spaceborne craft. Power control electronics are responsible for effectively fulfilling
the engineering power management function (power flow control, balanced energy
management of multiple power sources and energy storage elements, autonomy of
system operation during all mission phases, and elimination of potential mission
critical failure modes) onboard all orbiting platforms. [Ref. 1:p. 391]

The power distribution of energy to other systems and payload equipment
alike in an unregulated bus is accomplished through decentralized dc-dc converters.
Designers distribute raw unconditioned dc power and regulate the voltage at the
point of use in order to build redundancy into a system. Large numbers of converters
are therefore necessary to meet all voltage and power requirements present in a
spacecraft.

Spacecraft power systems were for a long time considered of secondary im-

portance, considered to be very conventional in nature, and hence received minimal




attention during the thought process from which development of the satellite sys-
tem architecture occurred. A study conducted on eight Jet Propulsion Laboratory
funded programs, Mariner Mars 1964 through Galileo 1986, reveals in Figure 1.1,
that about 30% of total spacecraft weight is concentrated in packaged electronics
[Ref. 2:pp. 134-135]. With the greatest potential for spacecraft mass savings com-
ing in this area over time, as proven in Figure 1.2, the impact of efficient circuit
operation and physical realization of electronic power subsystems has become read-
ily apparent. The call for improved efficiency and higher switching frequencies has
renewed interest in both resonant and pulse width mode (PWM) technologies.

One of the most significant opportunities for improving power density in a
dc-dc converter (as illustrated in Figure 1.3) comes in the area of the switching
element. Power Metal-oxide Semiconductor Field Effect Transistors (MOSFETs)
allow dc-dc converter operation to take place at higher switching frequencies, using
relatively simple drive circuitry to add to system reliability. However, this device
cannot operate without loss and is impaired by certain kinds of dissipative losses.

Power losses in a dc-dc converter are comprised of both switching losses and
conduction losses. Switching losses increase in direct proportion to frequency. Each
time the switching element is turned on or turned off, as demonstrated in Figure
1.4, a proportional amount of energy is dissipated. The more frequently the device
is operated, the greater the power loss. At the other end of the spectrum exist
conduction losses. This form of energy dissipation represents an almost constant loss.
strictly dependent upon the converter load and the on-resistance characteristic of
the particular MOSFET chosen as the switching element [Ref. 3:p. 322]. MOSFETs
are capable of fast switching, but are relatively high in conduction loss.

The motivation for moving towards higher switching frequencies as shown in

Figure 1.5 is to reduce the volume of the reactive energy storage elements, which
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comprise a major portion of a dc-dc converter. These elements become smaller
in size at higher frequencies, because they need to store relatively less energy for
shorter periods of time. For this savings to occur, the switching frequency must be
raised from tens of kilohertz to hundreds of kilohertz [Ref. 2: p. 319]). Beyond this
point, movement into frequencies in the megahertz range produces significantly less
yield. Tradeoffs due to parasitic elements start to occur. [Ref. 3:p. 319, Ref. 4:p.
61, Ref. 5:p. 362]

Power conversion designs employing conventional PWM dc-dc converters are,
however, besieged by switching losses at higher frequencies. PWM converters have
been perfected to operate most efficiently at an optimal switching frequency range
between 30-50 kHz [Ref. 6:p. 58]. In a square-wave operation, each time the
switching element is turned on or off, and current or voltage is interrupted, energy
is dissipated in the form of heat. Worry over a proper thermal design and the size of
the heat sink increases. To remedy this situation and alleviate switching loss, quasi-
resonant dc-de converters have recently been developed for use. Experimentally, this
technique using power MOSFETSs has been proven successful for higher frequencies
up to approximately 10 MHz [Ref. 4:p. 61]. This type of de-dc converter increases
efficiency as it separately improves reliability by alleviating switching stresses.

To achieve higher power system density and reduce the size and cost of the
power conversion subsystem designs, design engineers have, in their research and
development efforts, focused most of their attention on:

o higher switching frequencies,
e higher levels of circuit integration, and

¢ improved thermal performance [Ref. 3:p. 319).
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Figure 1.5: Relative Portions of a Space Consumed in a DC-DC Con-
verter Operating at 400 kHz [From Ref 3.]

However, it is the intent of this research to concentrate specificallv on conduction
loss. On a percentage basis, conduction losses are more prevalent in instances when
power is supplied at low voltages and high currents, as in satellites. This thesis. for
two reasons, is uscd to develop an engineering scheme which creates a switch-mode
current waveform that represses conduction loss in a power MOSFET.

First, when operating a conventional PWM dc-dc converter. a trade-off exists
in this technology between greater on-state losses and lower switching type trai-
sient losses. Power MOSFETSs are characterized by their fast switching speeds and
a relatively large forward drop in the on-state. As expected, a Bipolar Junction
Transistor (BJT) has a significantly less total power loss at low frequencies while
the performance of a power MOSFET is greater at high frequencies. Any improve-

ment in the form of the resulting switch-mode current waveform put through the




semiconductor switch will lessen the detrimental effect produced by conduction volt-
age drop in either case. However, the movement in the point of intersection (the
“crossover point”) between two curves showing the total power loss per unit area in
these two types of transistors caused by a reduction in on-state losses would prove
to be more instrumental in a majority carrier device functioning at a low frequency
and low voltage. A combination of either two or three ZCS, quasi-resonant dc-dc
converters would produce this effect and provide a boost in power density. This
in-turn would reduce the symptom of higher resonating rms current, which would
in the end cut conduction loss during the switch-on time interval.

Secondly, to a lesser extent, use of a ZCS, quasi-resonant technique would offer
the consideration of extra power transferred per switching cycle without an increase
in EMI.

The choice in this design is not to ameliorate component quality (e.g.. MOS-
FET on-resistance) or to employ a very heavy gate overdrive to reduce on-voltage
losses, but to concentrate on improving the behavior of the current waveform through
the converter switching element itself. This research re-examines the basic features
of both the Buck PWNM and ZCS, Quasi-Resonant dc-dc converters to develop an
ideal step-down converter topology. Combination of the best features of each type
of converter is targeted to produce an optimal circuit design with the following

characteristics in mind:

¢ low conduction losses due to use of a proposed waveshaping technique.
e higher operating efficiency,

e improved power density to lessen power demand requirements and reduce the

physical size of the overall power system itself,

b |




¢ one switching element,
e simple control circuitry,
e reduced radiation by employing a zero-current switching strategy,

e improved converter reliability and less stringent thermal design, which implies

reduced switching stresses and switching losses,

faster dynamic response from use of a power MOSFET.

Discussion in subsequent chapters begins by qualitatively developing a numer-
ical method to compensate for on-resistance loss generated within the switching
element. A technique used to minimize peak current through current waveform
shaping is brought forward.

Chapter 111 1s used next to present the different categories of power conversion
alternatives available to the power electronics engineer today. Each major type of
power supply is discussed concentrating on its ability to efficiently regulate supplied
electrical power and control power dissipation losses. In particular, the basic opera-
tional theory and circuit analysis of both the PWM Buck dc-dc power converter and
Quasi-Resonant, ZCS dc-dc power converter are given. This serves to introduce the
parameters which affect boundary conditions and influence the dc conversion ratio
in each circuit. The analysis is presented in a practical, easy-to-understand manner,
in order to comprehend how the various modes and waveforms are produced.

The impact behind the selection of the switching element is judged in Chap-
ter IV. The critical characteristics involved in the performance of POWERMOS
transistors are purposely deliberated.

The last chapter outlines the theoretical process involved in the development

of a ramp-sine current waveform. Certain design specifications are given. Specific

8




equations which dictate the exact relationship between the peak values of the two
individual current waveforms are identified. As a practical example, the ramp-sine
current waveform is produced from its brassboard model. The modes of the resulting
circuit are illustrated.

The remaining portion of the chapter deals with an evaluation of dissipative
losses from the operational circuit. As a result, a final comparison is made between
the magnitude of the relative values of conduction loss which exist between different

current waveforms.




II. GENESIS OF A NEW POWER
CONVERSION STRATEGY

Both the passive and active components affect the overall mass, volume, and
efficiency of a dc-dc converter. Analytical evaluation of the power losses associated
with these elements therefore becomes necessary to achieve an optimal power system
configuration.

Relatively speaking, as previously shown in Figure 1.3, the second highest
power loss in a dc-dc converter comes in the activation of the primary power switch.
Losses in the semiconductor device can reduce overall converter efficiency by 5-10%
[Ref. 3:p. 322]. The seriousness of the loss is amplified and becomes significant as
efficiencies begin to approach 90%.

The power dissipated, Py, in a converter circuit is due to a combination of
conduction and switching losses occurring in the switching element at turn-on and

turn-off. Expressing these losses in their equation form leads to,

PL=Pcond+Psw (21)

where

o P, nq = Total amount of conduction loss due to non-zero on-resistance, Rps (,n)-

during switching element on-time.

o P,, = Total amount of switching loss due to power dissipated in the switching

element during both turn-on and turn-off times, and the type of load switched.

10




Attempts to further reduce dc-dc converter size and increase power handling density
has led to much research using higher frequencies to eliminate switching losses. How-
ever, first and foremost, research in this section qualitatively seeks to demonstrate
a means to compensate for on-resistance related losses. Assuming a fixed block-
ing voltage, on-state current, and device area, Figure 2.1 clearly demonstrates the
limit conduction losses have placed on power MOSFET devices today. As switching
frequencies extend into the 10 MHz frequency range and parasitics are explicitly in-
corporated into topological designs, emphasis on conduction losses can be expected

to escalate rapidly [Ref. 5:p. 363], [Ref. 8:p. 12].

A. WAVESHAPING TO LIMIT POWER LOSSES
1. Conduction Losses
Manipulation of the current waveform through the converter switching
element to control the conduction power loss is founded upon the following princi-
ples. First, the average amount of charge. @), that a switching element can transfer
in a prescribed amount of time, 7, is given by,

t2

Q= [ i(t)dt (2.

t

Lo
o

where 7(t) is the switch-current waveform under consideration. If 7 is fixed, the
maximum amount of charge attainable is strictly dependent upon the quantity of
current, (). present. Figure 2.2 represents three basic current waveforms with
identical values of 7. In each case, peak current is expressed in terms of normalized
charge, Q. divided by on-time, 7. As shown, the rectangular waveform most effec-
tivelv supplies the desired amount of charge for the lowest value of peak current.

L
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Figure 2.1: Qualitative Plot of Conduction Losses and Switching Energy

Versus the Amount of Stored Charge [From Ref. 7]

Secondly, the average power dissipated by the switching element in the

same cycle is proportional to,

Rps,

Pcond =

T

or

Pcond = fsTIz)(On) RDS(on)

where
e 7 = Switching element on-time,
e T = Switching period,
e f, = Switching frequency.

¢ Ipn) = On-state drain current,

on)




¢ Vps(on) = On-state drain-to-source voltage, and
® Rps(on) = Drain-to-source voltage in the on-state.

If Rpson) and T are assumed to be equal to one in value, the power consumed by
the conduction process is strictly dependent upon the current as a function of time
squared. Control over this parameter is vitally important, and hence becomes the
dominating theme behind the development of a waveshaping technique. Using the
ramp function found in Figure 2.2 as an example, substitution of i(t) = (I,/7)t into
Equation 2.3 yields

Pcond = %Iﬁ ) (25)

an equation for powver loss in terms of peak current and device on-time. Replacement
of peak current in Equation 2.5 with an appropriate value of normalized charge
produces figures for accompanying values of current and power. Results recorded
in Table 2.1 prove, in this instance, that a ramp like current waveform is 33% less
efficient than a rectangular waveform having a Q of one. Similarly, if the same
logic is applied again, an expression can be developed for any half-sinusoidal current

waveform as a function of time using.

i(t) = /OT"‘ sin (;) dt (2.6)

where 7, is the half period of the mt"

sinusoid in question and m is the integer
number value of the particular waveform under consideration.

In contrast, a singular sinusoidal current waveform as shown in Table 2.1 can
be expected to realize a 7.43% improvement in conduction loss over the ramp current
waveform.

In order to experiment with different combinations of waveforms and to

extend this analysis one step further, an optimization routine entitled ZXMIN was
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TABLE 2.1: Waveform Results

% REDUCTION
WAVEFORM I, P Q RAMP
Ramp 2.000 1.333 1.0 0.00
Sine 1.571 1.234 1.0 7.43
Sine-Sine 1.395 1.147 1.0 13.95
Ramp-Sine 1.388 1.086 1.0 18.60
Sine-Sine-Sine  1.372 1.302 1.0 2.33
Ramp-Sine-Sine 1.171 1.001 1.0 24.90

used to lessen the prodigious amount of calculations involved. This algorithm, which
is a part of the IMSL library, uses a quasi-Newton method to locate the minimum
of a function f(z) of N variables, * = (2,23, +,2.). By squaring the sum of the
different current waveforms in question and integrating over the switching element
on-time interval, a function proportional to the average power of the combined
waveforms is derived. Applying ZXMIN produces an output vector X of length N.
Vector X contains N final parameter estimate values, as determined by ZXMIN. that
causes the power function to be a minimum. Each estimate represents the current
amplitude and period required to minimize average power, P, at a () equal to one
for each combination. Appendix A is used to give a complete explanation of the
IMSL routine ZXMIN. Also, present in Appendix A are the graphical results to the
six different current waveforms analyzed.

Table 2.1, from the calculations performed in Appendix A, lists for each

current waveform the minimum power, P, and associated current value, {,, required

14




to produce a charge, @, of one. The current I, represents the resulting minimum
peak current from the sum of m different waveforms being added together. Utilizing
the ramp waveform as a benchmark, the particular combination of the ramp, sine,
sine waveforms is most advantageous. A 25% reduction in conduction power loss is
obtainable in comparison to the ramp waveform alone.

2. Switching Losses

Switching losses in a power MOSFET can be calculated using,

Jo | o Vosem [ 5= (1= )| + TowVosan [ 7| de (27)
s D(ony ¥ DS(on) o tsl t32 Don YDSon 0 ¢ &

82
2 t

= fs]D(o")VDS(o") [gtsl + %]

P,

where
e t,, = Current rise time, and
e t,, = Current fall time.

Higher operating frequencies imply proportionally greater energy losses. When
switching frequency is increased, larger heat sinks are required in de-dc convert-
ers as the fixed amount of power dissipated during each cycle is repeated more
often. Hence, switching losses limit dc-dc converter size. [Ref. 3:p. 322. Ref. 9:p.
4.5]

The results found in Table 2.1 are promising and a discovery of this
nature may have other possible ramifications as well. Being able to construct a
current waveform containing sinusoidal elements would constitute the creation of
a zero-current-switching waveform. Turning the switching element on and ofl at

zero current would not contribute, but assist in reducing both switching losses and




switching stresses. Thus, additional and unexpected gains in power density, effi-
ciency, and reliability could be achieved in low voltage power applications. [Ref. 10,

Ref. 11:p. 377-378]
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III. POWER CONVERSION ALTERNATIVES

The concept of both linear and switch-mode power supplies is not new. As
illustrated in Figure 3.1, there are several different types of power supplies available
that will allow a design engineer to transform dc at one voltage level to dc of another
voltage level. Over the years, the array of differences in voltage and current require-
ments specified for different applications has produced a variety of tailor-made dc-dc
converters specially designed to meet this indigence state.

In a MOSFET, where conduction loss is
Pcond ~ ]1‘2)"“S ) (31)

the drain current, /p, must be as small as possible to achieve highest efficiency. This
chapter serves to examine how peak drain current through the switching element
varies in two selected topologies.

The discussion begins with an investigation into the approach used in both
linear and non-linear power supplies (square and sine-wave) to achieve voltage reg-
ulation in dc-dc power conversion; characteristic voltage and current waveforms are
then explored to understand their waveshaping modus operandi. Today’s superior
high-frequency semiconductor devices permit active waveshaping to be employed as
a methodology to better control and process power. Active waveshaping tyvpically
increases power density by extirpating most of the weight and volume normally
dedicated to low frequency filter elements. Completion of this study is used by the

author to verify that the current waveforms for the Buck and ZCS. quasi-resonant
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Figure 3.1: Classification of DC-DC Converter Power Supply Technology
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dc-dc power converter topologies are appropriate for use in the framework of a dc-
dc converter design. A model is developed for each converter type chosen which

analyzes their structural properties and resulting voltage and current waveforms.

A. DISSIPATIVE OR LINEAR POWER SYSTEMS

In the basic design of a linear power supply, as shown in Figure 3.2, the
converter uses a series linear element, usually a transistor operating in the continuous
conduction mode, to act as a variable resistor to control and regulate the output
voltage. The voltage across the pass transistor is always equal to the difference
between the input and output voltage. In the linear mode of operation, dissipation
in the controlling element is high and converter efficiency is low (30-60%). The linear
regulator circuit provides precise line and load regulation required at the output of
the supply. Although simple in design, this regulator type possesses no waveshaping
capability. Hence, both the series and shunt dissipative regulators are of little use

to the design engineer in reducing system losses.

B. NON-DISSIPATIVE OR SWITCH-MODE POWER SYSTEMS

There are three separate classes of switch-mode converters available for use.

they are:
e Square-wave.
e Resonant. and

e Quasi-resonant.

Classically. each type of switch-mode converter is composed of a power handling
device arranged in tandem with a distinctive number of passive energy storage ele-

ments, inductors and capacitors. to form a unique topology capable of transforming
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energy supplied by the source to the load. The power transistor is treated as an ideal
switch. The kind of power transistor chosen is selected to operate in either its satu-
rated (ON) or cut-off (OFF) mode to minimize power losses. The constant periodic
changes between the two states makes these converters non-linear. Switch-mode
converters possess the ability to use the fraction of time that the switch remains on
(7, ton, DT, etc.,) in comparison to the switching period to regulate power flow to

the load. The switching regulator obtains high efficiencies as a result of:

o its ability to vary the duty cycle to raise the switching frequency above the
line frequency to reduce the volume of reactive components and limit power

losses. and

e excellent closed loop load-transient response over wide ranges in load current

[Ref. 12:p. 53].

Major internal losses, however, do exist from high currents flowing through the
saturation resistance at transistor turn-on and transient switching losses occurring
at higher frequencies.

The combination of high efficiency. small magnetics. and reduced switching
stress has resulted in improved, more reliable power converters rated at 200 W,
which are emerging with power densitics approaching 1 kW/in® at 98% efficiency
[Ref. 13].

1. Square-wave Converters

As implicd by Figure 3.3, a great variety of possible switch-mode topolo-
gies can be constructed using any particular combination of switches and storage
components. However. only one out of the four of the most elementary converters.,

which are fundamental to all other derived dc-de¢ converters. is discussed here.




Figure 3.3: General Arrangement of Storage Components, Switches, and
Low Pass Filter Elements in a Switch-mode DC-DC Converter [From Ref.
14]

The PWM controlled dc-dc converters, illustrated in Figure 3.4, operate
in a switching mode rather than an analog mode to impress square waves of current
and voltage onto power semiconductor switching elements. The desired dc output is
controlled by use of a switching transistor, inductor or high frequency transformer.
rectifier, and output filter network to properly regulate the voltage against changing
line and load conditions. Typical square-wave converters process power at a rate of
20 to 500 kHz. Within this frequency range, the system is considered to be optimal
in size. weight. reliability, and cost. Above this plateau, square-wave converters
are completely overwhelmed by frequency related losses. At the cost of complexity.
MOSFETs are generally used in resonant circuits to alleviate this condition.

a. Buck DC-DC Converter

(1) Operational Characteristics
The simplest and most fundamental configuration to under-

stand is the basic Buck converter, illustrated in Figure 3.5. This switching regulator
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Figure 3.4: Input and Output Current Waveforms of Basic DC-DC Con-
verters [From Ref. 15]

is comprised of the following components: an ideal switch, sw, which can be real-
ized in this case by the implementation of a BJT with a free-wheeling diode, D;:
a dc power source. V: and a L-C filter used to reduce voltage ripple and provide a
constant output, V,,.. across the load, R;. The value of C is chosen such that it
is sufficient in size to ensvre that the change in V7, (AV7) is small. The diode and
transistor used in this discussion are assumed to be ideal switching components.

In a Buck dc-dc converter. the regulated output voltage. V...
is always less than the given range of the input, V. Using an integrated circuit con-
troller, the output voltage, V,,,, can be compared with a stable reference voltage to
create an amplified error signal to generate either a PWI or Frequency Modulated
(FM) waveform, which will control the switch-off period adequately.

During the switching cycle in a Buck dc-dc converter, switch.

sw, as indicated in Figure 3.5(a) is periodically manipulated after a given amount
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of time, 7, from position A to position B for time¢ T — 7. The circuit topology in
Figure 3.6 results. When switch, sw, is placed in position A at the beginning of
the cycle time, to, the input voltage, V, is greater than the output voltage, Vou:.
This produces a constant voltage, Vi = V — V,, across inductance, L. Diode, Dy,
is reverse-biased due to the polarity of input voltage, V. This forces all current to
flow into inductor, L, and a voltage to build across capacitor, C. Inductor current,
ir(t), ramps upward producing an output voltage across the load with a polarity
in the direction as shown in Figure 3.6. This process occurs approximately until
the output voltage, V., exceeds a given reference voltage and the switch moves to
position B. The peak current, I, developed in the inductor is directly proportional
to the amount of time switch, sw, is turned-on.

Once a value of V,,, 1s achieved, switch, sw, is turned-off or
opened at time ¢ = 7. The voltage, V;, immediately drops to zero volts and the
stored magnetic energy in inductor, L, reverses its field polarity to preserve the flux
created by the formerly applied emf, causing diode, D, to become forward-biased.
Diode D,, behaves as an automatic switch, able to commutate inductor current.
Current through inductor, L, begins to ramp downward as current is discharged
into both the load, R, and filter capacitor, C. Note, that the output voltage
polarity across the load, Rr. vemains unchanged as the voltage out, V. remains
constant.

At the end of the second time interval, either one of two different
operational conditions can prevail. If the inductance current, 7,(¢), throughout
the course of the switching cycle in Figure 3.7(a) never reaches zero, the circuit
operationally is specified as acting in the continuous conduction mode. Inductor
current, iz (1), is always some non-zero positive value. However, if all accumulated

energy in inductor, L, is expended and dissipated in the load, capacitor C' will be

)
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forced to s’art its discharging process. This in turn will cause the output voltage
to fall. The capacitor will completely discharge through the load due to diode, D,,
positioning. At this point in time, switch sw will return back to position A and
the process will repeat itself. A switch-mode converter in which the inductance
current, ¢1,(¢), becomes zero during a portion of the switching process, as shown in
Figure 3.7(b), is specified as operating in the discontinuous conduction mode. The
minimum amount of time necessary for the load to dissipate the energy built up in
the inductor for a given on-time, 7, is dictated by the size of the load requirement
itself. As it will be shown in subsequent paragraphs, transition from a continuous
to a discontinuous conduction mode can also be made a function of duty cycle, D,
switching frequency, f,, and inductance, L, as well.
(2) DC Voltage Conversion Ratio

For any given design neglecting the voltage drop across the
diode and the saturation voltage drop of the transistor in Figure 3.5, duty cycle, D,
is defined as

-

D=z=1f, (3.2)

where
e 7 = Switch on-time,
e f, = Switching frequency, and
o T = Switching period.

Given the fact that the average voltage across an inductor over a complete period
is zero, the volt-seconds stored in the inductor during interval, 7. must equal the
volt-seconds released during the inductor discharge interval [Ref. 14:pp. 282-283.

Ref. 17:p. 4]. Because of this. in the steady state the initial and final values of
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the inductor must be equivalent. Therefore, it can be stated that over two switched

intervals,

/ODT vt = — /DTTdet (3.3)

Energy stored [volt —sec] = FEnergy released [volt — sec]
or after completing the necessary integral calculation noted above:
(V - voui)DT = Vout(l - D)T * (34)

As a result of this criterion, a Buck dc-dc converter functioning in the continuous

conduction mode will have a duty cycle, D, of,

vout
Vv

D=

(3.5)

By defining M, a commonly used dimensionless parameter, as the dc voltage ratio

(or converter gain) as

A[ _é_ Vout

; (3.6)

the step-down dc conversion ratio for a Buck dc-dc converter can be expressed as.
M = D [Continuous conduction modc] . (3.7)

Equating Equation 3.2 to 3.5, it is obvious that V,,, will always be less than V in
value.

In the discontinuous conduction mode, the energy stored in the
inductor during the interval, 7, and then subsequently recovered during discharge.

Tmin — T. OF DT, is slightly different than the aforementioned case or,
(V - Vouf)DT = Vau((Tmin - T)T (38)

where Ty is the period of maximum switching frequency.
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This equation, which reduces to

VD VD
Vout = = ) .
‘"Dt Tmm-1) D+D; (3.9)
allows for a step-down conversion ratio of
M= Vou _ _D [Discontinuous conduction mode] (3.10)
V. D+D, ' '

To develop a similar relationship for the dc voltage conversion
ratio of a Buck converter functioning in its discontinous mode, it first must be
understood that the dc output current (Ip,,; = %%‘21) found in the load must match
the average value of the current present in the inductor over time T or, from Figure
3.7b,

Lr 1

+ 2(Tmin —7) . (3.11)

liwel =545

Peak current, I, in the inductor can easily be determined from the very well-known

inductor voltage relationshi